The cytochrome bd complex in the obligately aerobic diazotroph Azotobacter vinelandii is an oxidase, which, in wiwo, has a low affinity for oxygen and is required for respiratory protection of nitrogenase. Mutations caused by insertion of Tn5-B20 upstream of the structural genes (CydAB) for cytochrome bd result in over-expression of this oxidase and, for unexplained reasons, inability of the organism to grow microaerobically. Cloning and sequencing of this upstream region revealed a gene, cydR. The deduced amino acid sequence of CydR indicates that it is a new member of the Fnr class of regulators and that it represses cydAB expression. Refined mapping data for three insertions in cydR are presented. The cloned cydR gene complemented anaerobic growth of Escherichis coli fnr mutants and strongly enhanced expression of a narG-lacZ fusion in an E. coli fnr mutant.
INTRODUCTION
The physiology of bacterial oxygen-dependent nitrogen fixation is poorly understood. The integrity and activity of the nitrogen-fixing enzyme, nitrogenase, are notoriously sensitive to oxygen damage (Robson & Postgate, 1980) . However, the nitrogen-fixing reactions require ATP generated in respiration with oxygen as the terminal electron acceptor. ' Respiratory protection ', i.e. the rapid utilization of oxygen to achieve subinhibitory levels, allows the coexistence in a cell of aerobic respiration and nitrogenase activity (Hill, 1992; Poole & Hill, 1997) . Azotobacter uinelandii is an obligate aerobe with one of the highest known respiratory rates. It fixes nitrogen over a very wide range of oxygen tensions, even at air saturation. The flexibility required to scavenge traces of oxygen, yet consume excess oxygen, is provided by a respiratory chain having at least two routes of electron transport to oxygen.
Recent studies have necessitated a re-interpretation of earlier schemes (Haddock & Jones, 1977) of the branched respiratory chains. One branch is terminated by an oxidase closely resembling the cytochrome 6d-type oxidase of Escherichia coli and certain other bacteria. The oxidase comprises a low-spin cytochrome b,,, and two ligand-binding haemes, cytochrome d and cytochrome b,,, (D'mello et al., 1994b) . Cytochrome 6595 was previously called 'cytochrome a,' and thought to terminate a discrete branch of the respiratory chain (Haddock & Jones, 1977) . Another branch is terminated by an oxidase of the haem-copper superfamily (Leung et al., 1994) , which is probably the oxidase previously referred to as 'cytochrome 0' (Haddock & Jones, 1977; Yang, 1986) . Recently, a gene fragment from A. uinelandii has been sequenced and shown to resemble fixN or ccoN encoding a c6-type cytochrome-c oxidase (Cco) (Thony-Meyer et al., 1994 (Moshiri et al., 1991a) revealed striking similarities with the E. coli cytochrome 6d-type oxidase, in accord with spectral studies (D'mello et al., 1994b) . However, a remarkable difference between the E. coli and A. vinelandii oxidases is that the former is synthesized maximally under microaerobic conditions, whereas synthesis of the A. vinelandii oxidase is increased as oxygen supply increases (see Poole & Hill, 1997 for a review). Furthermore, cytochrome 6d in A. vinelandii has a surprisingly low affinity for oxygen (apparent K , about 4-5 pM; D'mello et al., 1994a) , unlike the oxidase in E. coli which has the highest affinity yet recorded ( K , as low as 5 nM) for a terminal oxidase (D'mello et al., 1996) .
Mutagenesis in the vicinity of the A. vinelandii cydAB genes revealed another region of the genome of interest, insertions in which resulted in over-production of the cytochrome 6d complex (Kelly et al., 1990) . In addition, these mutants failed to grow in a microaerobic atmosphere (1.5 % 0,) in the absence or presence of NH;. Such mutants have been used for detailed spectral characterization of cytochrome 6d (D'mello et al., 1994b) and by others (e.g. Kolonay et al., 1994) for purification of this oxidase complex. However, the nature of the mutation and the basis of the phenotype were unknown. In this paper we report the sequencing of this region, which reveals a gene, cydR. The Tn5-B20 insertions in three previously identified mutants (MK8, MK15 and MK16) are shown to be located in this gene. The deduced gene product is homologous to Fnr, a global regulator of aerobic/anaerobic metabolism in E. coli, and to related proteins in other bacteria. The results suggest that expression of cytochrome 6d in A. vinelandii is under negative transcriptional control by CydR.
METHODS
Bacterial strains and vectors. E. coli K-12 strains used were JRG1728 [MClOOO, A(tyrR-fnr-trg)] (Spiro & Guest, 1987) , @(narG-lacZ) ] (Stewart, 1982) , RK5288 [fnr, @(narG-lacZ) ] (Stewart, 1982) , VJS1741 (fnr: : TnlO) (Li & Stewart, 1992) (cydR8: :TnS-B20, Kmr), MK15 (cydR15 : : TnS-B20, Km') and MK16 (cydR16 : : TnS-B20, Km') (Kelly et al., 1990) . Cloning vectors used were pBluescript I1 SK( + ) from Stratagene, pACYC184 (Chang & Cohen, 1978) and the low-copy-number vector pWSK29 (Wang & Kushner, 1991 (Kelly et al., 1990) . Inocula (8 '/o) were from overnight cultures in 25 ml of BSN in a 250 ml flask. The cultures were grown in 1 1 flasks containing 50 and 400 ml of BSN respectively. These volumes of medium gave rates of 0, supply (K,a), estimated by measuring sulphite oxidation rates, as described by Gil et al. (1992) , of 60.4 and 3.4 mmol 0, 1-1 h-', respectively. These two conditions are described as 'high' and 'low' aeration. Cells were harvested in the midexponential phase of growth (OD, , , about 0.4 
measured in a
Pye Unicam SP6-550 spectrophotometer) or in the stationary phase of growth (OD,,, >1), as indicated. The rifampicin concentration used was 10 pg ml-l and kanamycin was at 1 pg ml-'.
For testing complementation of the fnr mutation in E. coli RKP3197 (see later) by plasmids containing cydR', cells were grown anaerobically in liquid nitrate-fumarate-glycerol minimal medium (NFGMM) as described by Wu et al. (1993) .
Cultures were grown in glass tubes with air-tight lids filled to the brim with medium, and inoculated with 3 % of their volume of an overnight culture. OD,,, in the tubes was monitored using an EEL colorimeter. Complementation of the fnr mutant JRG1728 was tested on rich, solidified medium supplemented with glycerol and nitrate (MGN) (Wu et al., 1992) or glycerol and fumarate (MGF) (Wu et al., 1993) . The plates were incubated in an anaerobic jar in an atmosphere generated with a GasPak.
For p-galactosidase assays, starter cultures of E. coli (2 ml) were grown in LB medium (Sambrook et al., 1989) for 8 h, then 200pl was used to inoculate 2-5 ml defined MOPS medium with 2 mM glucose (Stewart & Parales, 1988) . Following overnight incubation with shaking, the cultures were subcultured (4% inoculum) into 5 ml MOPS medium with 80 mM glucose plus nitrate (40 mM) in 20 ml bottles. Duplicate cultures were grown aerobically by bubbling air through a cotton-wool-plugged glass tube mounted in the plastic cap of each bottle. After 4-5 h, the gas supply to one of the duplicates was changed to N, and the incubation was continued. Samples (1 ml) from both the aerobic and the anaerobic cultures were removed at time intervals for Bgalactosidase assays, performed according to the method of Miller (1972) . All E. coli cultures were grown at 37 "C; the ampicillin concentration used was 100 pg ml-'. Spectrophotometry. Difference spectra at room temperature were recorded using a Johnson Foundation SDB3 dualwavelength scanning spectrophotometer (Jones & Poole, 1985; Williams & Poole, 1987) . Reduction and oxidation of samples and treatment with CO were performed as described by Williams & Poole (1987) . P, transdudion. Transduction was carried out by using Plvi, as described by Silhavy et al. (1984) . A transducing lysate was prepared from VJS1741 (fnr: : TnlO) and transduced into strain MG1655. TcR transductants were selected and their growth checked on NFGMM plates. A transductant which failed to grow anaerobically but grew aerobically was designated as RKP3197.
DNA manipulations. Recombinant DNA work was carried out according to the methods of Sambrook et al. (1989) .
Subcloning of the A. winelandii cydR region. To sequence the gene, mutations of which result in cytochrome 6d overexpression, subcloning of the insert from pMKl (Kelly et al., 1990) was carried out. The 1-25 kb ClaI-KpnI fragment from pMKl was subcloned into pBluescript I1 SK( + ) to generate pMK4 (Fig. 1) . Fragments obtained by digestion of pMK4 were further subcloned in pBluescript I1 SK(+) in both orientations (not shown in Fig. 1 ). The 1.9 kb KpnI-ClaI fragment upstream of the 1.25 kb ClaI-KpnI fragment in pMKl was also cloned into the same vector to give pMK5 (Fig.   1 ). To determine whether the fnr-like cydR+ gene could complement an fnr mutation in E. coli, the 3.2 kb KpnI-KpnI fragment was subcloned from pMKl into the KpnI site of the low copy number vector pWSK29; the plasmid was designated pGWll (Fig. 1) . The 2.3 kb SalI-SalI fragment was excised from pGWll and ligated with SalI-digested vector pWSK29 to create plasmid pGW22 (Fig. 1) . The ligation mixture was used to transform JRG1728 and transformants selected under anaerobic conditions on ampicillin plates. The plasmid was isolated from large colonies and restriction mapping confirmed the intended construct. The 1.22 kb Eco47III-Eco47III fragment containing only cydR+ was further subcloned from pGW22 and ligated into the EcoRV site of pWSK29 to create pGW33 (Fig. 1) . The ligation mixture was again used to transform JRG1728 and large colonies were selected as before. All constructs were verified by restriction enzyme digestions of the isolated plasmids.
DNA sequence analyses. Alkali-denatured double-stranded plasmid DNA (Murphy & Ward, 1989) PCR. This was carried out with colonies from agar plates as DNA templates. Primers used were as follows: pcydr6, S'GTATTATCTCCGGTAAAGCGCACC, which starts from nucleotide number 227 before the sequence encoding CydR; pmklosk, S'CTGGCTGTCGAGACCGTA, which starts at nucleotide number 872 in cydR; pcyda, 5'ACGG-CGCTGTACCATTTCCTATTC, commencing from the start of the cydAB coding region; placz, S'TCCCAGTCAC-GACGTTGTAAAACG, which is 105 bp from the lac2 end of Tn5-B20 (including the length of the primer) and ptn5, S'GGAGGTCACATGGAAGTCAG, which is from the other end of Tn5. The positions of these primers are shown in Fig. 4 (see below). The PCR reactions were carried out with pftr DNA polymerase in a 50 pl volume according to the conditions recommended by the manufacturer (Stratagene). Annealing temperatures were in the range 51-60 OC (30 cycles).
RNA preparation. Total RNA from the mutant MK8 and wild-type UW136 was isolated from low and high aeration cultures with a Qiagen RNeasy kit.
Northern hybridization. RNA samples (10 pg) were fractionated on a 1 O/ o agarose gel. The gel was made by boiling agarose in water ; formaldehyde, MOPS, sodium acetate and EDTA were then added to final concentrations of 2*2M, 30 mM, 7.5 mM and 0-15 mM respectively. The gel running buffer contained the same components as the buffer for making the gel. RNA was transferred by capillary transfer to Hybond-N+ nylon membranes according to the manufacturer's instructions (Amersham). The DNA probe used was that described by Moshiri et al. (1991b) , and was excised from pMK2 (Kelly et al., 1990 ) using EcoRI and PstI. Probes were prepared by the random-primer labelling method using [32P]dCTP (3000 Ci mmol-l/lll TBq mmol-l, Amersham). Hybridizations were carried out in Church hybridization buffer (Church & Gibert, 1984) at 65 "C overnight and washed once in 2 x SSC (175 g sodium chloride 1-1 and 8.8 g sodium citrate 1-l; Sambrook et al., 1989) plus SDS (0.1%), once in 0 2 x SSC plus SDS (0.1 %) and once in 0.1 x SSC plus SDS (01%). Each was done at 65 "C and each wash lasted for about 45 min. The intensities of hybridization bands on autoradiograms were quantified using a PhosphorImager using Imagequant 3 . 3 software (Molecular Dynamics). pGalactosidase assay. This was carried out according to the method of Miller (1972) . Each sample was assayed in duplicate.
Protein assay. Protein was measured by the method of
Markwell et al. (1978) .
RESULTS

Nucleotide sequence of cydR
Kelly et al. (1990) presented a restriction map showing the approximate location of the Tn5 inserts in strain MK8, MK15 and MK16. We therefore sequenced this upstream region to identify the gene(s) disrupted. Both strands of pMK4 were sequenced u p to the point which overlaps with the reported sequence (Moshiri et al., 1991a) . Since the sequence of pMK4 did not reveal a complete ORF and pMK4 did not complement the E. coli fnr mutant JRG1728 (see later), the ClaI end of pMK5 (Fig. 1) w a s also sequenced. Sequencing around the ClaI junction of the fragments cloned respectively into pMK4 and pMK5, using a synthetic oligonucleotide primer and pMKl as the template, confirmed that the inserts in pMK4 and pMK5 are contiguous on the A . vinelandii chromosome.
Nucleotide sequence analysis of the DNA region upstream of cydAB revealed an ORF of 735 bp (Fig. 2) . The sequence reported here overlaps from nucleotide number 1124 (in Fig. 2 ) with the sequence reported by Moshiri et al. (1991a) . However, the C at position 1155 in Fig. 2 w a s reported as a T by those workers. T h e ORF in . S m a I . . P S t I .
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In front of the first possible ATG start codon starting at position 272, a purine-rich, potential Shine-Dalgarnolike sequence was identified. Upstream of the cydR coding region, two overlapping inverted repeats were located (Fig. 2) . The first half of one pair extends from nucleotides 134-145 and its second half (12/12 matches) is from nucleotides 151-162. The first half of the second pair is from nucleotides 152-163 and the second half (9/12 matches) is from nucleotides 167-178. These features may be important in the regulation of cydR expression. Three sequence features similar to the E. coli a70 promoter, 56TTCGAT-N,6-TATTAT83, 91AACACA-N1,-TATCAT120 and 204TTGTCA-N,,-TATTAT233, were identified upstream of the cydR coding region. The last matches closely the E. coli consensus sequence TTGACA-N,, + ,-TATAAT (Harley & Reynolds, 1987) . The sequence l5'GG-Nl0-GC163, which is characteristic of RpoN (NtrA, dependent nifpromoters from all Gram-negative diazotrophs (Jacobson et al., 1989) , was also identified within the inverted repeat region. No sequence motif similar to the E. coli Fnr consensus binding site was found upstream of the ATG start codon of cydR. A computer-based search for possible transcription terminators was performed using the UWGCG package, version 8 (Brendel & Trifonov, 1984) . The search results suggest that the transcription of cydR is likely to end at position 1200 bp (Fig. 2) . There are several possibilities for forming stem-loop structures between the nucleotides numbered 1144-1180 bp.
The cydR gene encodes an Fnr-like protein
The deduced amino acid sequence of CydR showed a high degree of similarity to the Fnr family of proteins (Fig. 3) . CydR has 79.5 '/o identity to Anr, an Fnr-like protein from Pseudomonas aeruginosa (Sawers, 1991 ;  Zimmermann et al., 1991), 77.5 70 identity to FnrA from Pseudomonas stutxeri (Cuypers & Zumft, 1993) , 50 % identity to E. coli Fnr (Shaw & Guest, 1982) , 48% identity to HlyX from Actinobacillus pleuropneumoniae (MacInnes et a/., 1990) , 31.5% identity to FixK from Sinorhixobium (Rhixobium) meliloti (Batut et al., 1989) , 27.9 70 identity to Bradyrhixobiurn japonicum FixK (Anthamatten et al., 1992) , and 24-5 YO identity to FnrN from Rhixobium leguminosarum (Colonna-Romano et al., 1990) .
Several features of the amino acid sequence of CydR are noteworthy. Fnr has five cysteines ; four of these residues are at the N-terminus, and three of those, together with an internal cysteine, are essential for the function of the protein in responding to anaerobiosis (Melville & Gunsalus, 1990; Sharrocks et al., 1990; Spiro & Guest, 1988) . CydR has three cysteine residues at the Nterminus as well as an internal cysteine at virtually identical positions to those of Fnr but lacks the most Nterminal cysteine residue (C-16 in Fnr) which, in Fnr, has been shown not to be essential for activity (Fig. 3) . CydR also contains a helix-turn-helix motif at its C-terminus in a position equivalent to that of Fnr and Crp.
Particularly noteworthy is the glutamic acid residue (E-209 in Fnr) in the second helix (Fig. 3) , which is conserved in all proteins showing sequence similarity with Fnr (Sharrocks et al., 1990) and may indicate that CydR and Fnr have similar DNA recognition sequences.
The location of Tn5-620 insertions in strains MK8, MK15 and MK16
Previous work (Kelly et al., 1990) has shown the approximate locations of Tn5B20 in strains MK8, MK15 and MK16. Here, we have attempted to map precisely these mutations by PCR. The synthetic oligonucleotides used as primers annealed to both ends of the Tn5-B20 insertions, the beginning of cydR, the middle of cydR and the beginning of cydAB (Fig. 4) . When MK8 genomic DNA was used as a template, a 0-36 kb product was obtained with primers pcydr6 and ptn5, and a 1.5 kb fragment was obtained with pcyda and placz as primers. These results (not shown) located the Tn5-B20 as indicated in Fig. 4 . When MK16 genomic DNA was used as a template, a 0.36 kb fragment was obtained with pcydr6 and placz as primers, and a 1.5 kb fragment was obtained with pcyda and ptn5 as primers. Based on these results, the positions of the insertions in MK8 and MK16 are indistinguishable, about 0.34 kb into cydR. However, the orientations are reversed (Fig. 4) , consistent with p-galactosidase assays (Kelly et al., 1990) . With MK15 genomic DNA as template, a 0.93 kb fragment was obtained with pcydr6 and placz as primers, and a 0.95 kb fragment was obtained when ptn5 and pcyda were used as primers. A 0.2 kb fragment was obtained when pmklOsk and placz were used as primers. Furthermore, the 0.2 kb product was not digestible by SmaI and NarI, sites for which lie immediately downstream of the supposed coding region of cydR (Fig. 2) . The insertion in MK15 is thus located at the end of the cydR gene at around bp 973. The PCR results demonstrate that the Tn5-B20 insertions in all three mutants are located within the cydR gene (Fig. 4) .
Phenotypes of cydR mutants
The cydR mutant MK8 grew more slowly (mean doubling time 4-9 h) in a vigorously aerated fermenter than did UW136 (mean doubling time 2-5 h). Both strains reached similar final yields (OD,,, about 2) under the conditions used (results not shown).
Room temperature difference spectra of one cydR mutant (MK8) grown in well-aerated conditions have been published previously (Kelly et al., 1990) . Subsequently we showed (D'mello et al., 1997) that the cytochrome d-overproducing phenotype of MK8 and of strains having different alleles of the same locus is most evident when cells are grown under conditions of low aeration. Thus, Fig. 5 presents a more detailed comparison of MK8 with the isogenic parent UW136 under these conditions. When cells of UW136 (Fig. 5a ) or MK8 (Fig. 5b) were grown to mid-exponential phase, then harvested and examined immediately, the dominant spectral features in the reduced minus oxidized spectra are due to cytochrome(s) c (p-band at 521-523 nm, aband at 552 nm) and 6 (558-560 nm). The Soret band (428430 nm) has contributions from both cytochrome types. Under these conditions, cytochrome d is barely detectable judging by the absence of distinctive absorbance bands between 600 and 700 nm. T o test the possibility that the failure to detect cytochrome d in reduced minus oxidized spectra was due to rapid turnover of the oxidase, cells of UW136 (Fig. 5c ) or MK8 ( Fig. 5d ) were grown to stationary phase, then harvested and stored at 4OC overnight. The dominant spectral features were again due to cytochromes 6 and c in strain UW136 (Fig. 5c ). However, mutant MK8 (Fig. 5d) showed intense absorbance maxima at 585-590 nm and 627 nm, attributed to the cytochrome 6595 and cytochrome d components, respectively, of the oxidase complex. The trough at 650 nm is due to the oxygenated form of cytochrome d (D'mello et al., 1994a; ) and the 680 nm shoulder is due to the ferryl form of cytochrome d, which is also observed on reaction with peroxide (Kahlow et al., 1991; Poole & Williams, 1988) . The difficulties of maintaining the oxidase in an oxidized form are further shown in Fig. 5 (e) which is the difference between two successive scans of a cell suspension oxidized by shaking in the presence of ammonium persulphate. The interval between scans was about 3 min. In the second scan, there is significant loss of the oxygenated (650 nm) and ferryl (680 nm of the spectrum, suggesting that cytochrome d does not make significant contributions (for references, see . Repeated oxidation in the presence of persulfate allowed a satisfactory baseline to be obtained (not shown) and the recording of the reduced minus oxidized spectrum shown as Fig. S(d) .
However, to quantify more reliably the cytochrome d content, CO difference spectra were used, obviating the need for sustained cell oxidation. In such spectra ( Fig.   Sf-i) , the carbonmonoxy form of cytochrome d is seen at 640-642 nm and a trough at 620-623 arises from reaction of the reduced form with this ligand. Undulations in the 500-600 nm region of the spectrum are due largely to cytochrome 6,,, (D'mello et al., 1994a) . The Soret region of spectra of exponential-phase cells of UW136 (Fig. 5f ) or MK8 (Fig. 5g) showed a distinct peak at 419 nm and an asymmetrical trough. The low-wavelength component (434 nm) of this trough and the 419nm peak suggests the presence of a cytochrome o-like oxidase. Spectra of cells of UW136 (Fig. 5h) or MK8 (Fig. 5i) harvested from stationaryphase cultures showed a distinct and more symmetrical trough at 442-446 nm, which is largely attributed to cytochrome 6,,, (D'mello et al., 1994a) . The identity of the 503 nm component (Fig. 5h) is unknown.
In strain UW136, cells grown at high aeration and harvested in exponential phase consistently showed higher levels of cytochrome d than did cells grown at low aeration, but the extent of increase varied significantly (1-2-sfold). Conversely, in strain MK8, cytochrome d levels were higher at low aeration rates (1997) and is consistent with the data for MK8 (this paper) and MK16 (cydR16) (not shown). These results indicate that the insertions upstream of cydAB in strains MK8, MK15 and MK16 all cause elevation in the levels of cytochrome d and 6 5 9 5 . The spectral data alone do not allow conclusions to be drawn regarding the effects of the cydR mutation on other cytochromes.
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Quantification of cydAB mRNA levels in A. vinelandii RNA isolated from cells grown with high and low aeration (see Methods) was probed with the 2.9 kb PstI-EcoRI fragment containing most of c y d A and all of the cydB coding region. One major hybridization band of approximately 3 -7 4 kb was observed under all conditions tested (Fig. 6 ) ; the size of the cydAB transcript is thus in good agreement with previous results (Moshiri et al., 1991b) . Band intensity measured with the PhosphorImager was weakest using RNA extracted from strain UW136 grown with low aeration (lane 2). This level was increased 3.6-fold in cells grown with high aeration (lane l), confirming the increase in spectroscopically detectable cytochrome 6d observed at higher oxygen supply rates. In mutant MK8 grown at low aeration (lane 4), the band intensity was 21-fold higher than from UW136 (lane 2). At high aeration (lane 3), the band intensity was 1-8-fold higher than that from UW136 grown under the same conditions (lane 1). Signals of lower intensity further down the gel are attributed to RNA turnover and are partly obscured by non-hybridizing 16s and 23s rRNA, the positions of which were determined by methylene blue staining (Herrin, 1988) . A further transcript of about 4.5-5 kb in length was also observed at the top of the blot. Although this was very weak in strain UW136 grown under either condition, and in strain MK8 grown at high aeration, it was strong for mutant MK8 grown with low aeration (lane 4). This suggests that further gene(s) may be located upstream or downstream of cydAB and may be part of the transcriptional unit.
Complementation of E. coli fnr mutants by the A. winelandii cydR+ gene
The fnr gene of E. coli is essential for anaerobic respiration : E. coli fnr mutants cannot grow on minimal non-fermentable medium such as NFGMM, but can grow as small colonies on complex media such as MGN and MGF under anaerobic conditions. T o determine whether the fnr-like cydR+ gene could complement such a mutant, strain JRG1728 was transformed with plasmids pGW11, pGW22 or pGW33. Transformants grew as large colonies on M G N plates with ampicillin under anaerobic conditions. Plasmid pMK4, which contains the 0.7 kb intergenic region between cydR and cydAB, and pMK5, which contains part of cydR and its upstream region, as well as the vector pBluescript I1 SK( +), when used to transform JRG1728, gave transformants that grew as small colonies on MGN anaerobically. Plasmid pMKl also complemented the anaerobic growth of the fnr mutant JRG1728. Similar results were achieved on MGF plates.
Plasmid pGW33 was also used to transform the fnr mutant RKP3197; anaerobic growth of the wild-type strain MG1655, and of strains RKP3197 and RKP3197/ pGW33 was studied. The fnr mutant RKP3197 did not grow anaerobically on minimal medium supplemented with glycerol, fumarate and nitrate : OD,,, remained at the values (about 0.1) observed on inoculation for 17 h (data not shown). However, the complemented mutant and wild-type strain both grew with indistinguishable patterns: after a lag period of 9 h, OD,,, increased to reach values of 0.4-0.5 after 17 h (data not shown). Regulation of the narGHll operon of E. coli by cydR+
To confirm that CydR has Fnr-like activity, we exploited a known role for Fnr in E. coli: expression of the narGHJI operon is activated by Fnr plus NarL in the presence of nitrate under anaerobic conditions (Stewart, 1982 (Moshiri et al., 1991b ) reveals two putative binding sites for an Fnr-like protein, 258TTGAC-N4-GTCAA2'1, which is adjacent to the -35 region and 308TTGAC-N4-ATCAA321, which overlaps the transcription initiation site. Footprinting assays are needed to determine whether CydR binds to this and/or other sequences.
The deduced amino acid sequence of CydR shows striking similarity to Fnr, a redox-responsive transcription regulator that activates or represses a modulon of genes involved in aerobic and anaerobic respiration . Fnr is in turn structurally similar to Crp, the cyclic-AMP receptor protein of E. coli (Guest et al., 1996) . Both proteins contain a helix-turn-helix DNA-binding domain at their C-terminus, also recognizable in CydR, but Fnr differs from Crp in (i) possessing a unique N-terminal extension, containing t Cultures were grown in MOPS medium with 80 mM glucose for 4.5 h to the exponential phase of growth.
+ Cultures grown aerobically for 4.5 h were grown for a further 100 min with aeration: B-galactosidase specific activity did not change significantly after 50 min (not shown) or 100 min. S Cultures grown aerobically for 4.5 h were switched to a nitrogen atmosphere and measurements of p-galactosidase made after the further incubation periods shown. three of the four cysteine residues that are essential for function and (ii) having bound iron. These cysteines are conserved in CydR. Recent work on Fnr" mutants, which retain some ability to activate anaerobic gene expression even in the presence of oxygen, has demonstrated the presence of an Fe-S cluster in the protein, suggesting a possible regulation mechanism for the wildtype protein (Khoroshilova et al., 1995) . Most recent work suggests that oxygen regulates the activity of wildtype Fnr through the lability of the Fe-S cluster to oxygen (Lazazzera et al., 1996; Becker et al., 1996; Green et al., 1996) .
Interestingly, Fnr-like proteins function in obligate aerobes, as reported in this paper. A gene for an Fnr-like protein (FnrN) was also found in the obligate aerobe Rhizobium leguminosarum (Schliiter et al., 1992) ; subsequently, a second fnr-like gene, fixK, was found (Patschkowski et al., 1996) (Joshi & Dikshit, 1994) , presumably being activated by CydR. In E. coli, eight proteins have bees shown to have reduced synthesis in an fnr mutant only in aerobically grown cells, indicating that the Fnr protein has a function in the presence of oxygen (Sawers et al., 1988) . Furthermore, activation of the hyp promoter is Fnr-dependent under both aerobic and anaerobic conditions, and autorepression of fnr and hlyX is not dependent on anaerobiosis (for references, see Guest et al., 1996) .These findings all suggest that Fnrlike proteins do not function exclusively under anaerobic conditions, but the mechanism of gene regulation by the 'aerobic' form of Fnr, as in A. uinelandii, is not understood.
The mechanism of regulation of cytochrome bd expression in A. uinelandii has remained obscure, despite the crucial roles that this oxidase plays in respiratory protection of nitrogenase and providing an alternative, relatively inhibitor-insensitive, route of electron transfer to oxygen. CydR presumably employs a similar regulatory mechanism as Fnr ; when activated, it represses the expression of cytochrome bd. Cytochrome bd levels are also regulated by nitrogen status. Moshiri et al. (1991b) showed that the level of cydAB mRNA was about l-S-3-5-fold higher in nitrogen-fixing A. uinelandii than in non-fixing cells. The cydA promoter does not exhibit a sequence characteristic of nif genes, which are transcribed using an alternative r s factor, RpoN. Furthermore, unlike most nif genes, cydA and cydB are expressed during non-nitrogen-fixing conditions (Moshiri et al., 1991b) , but further up-regulated during nitrogen fixation, Those authors suggest that one of the insertions described in the present paper (in MK16) is within the cydAB transcriptional unit, beginning 275 bp upstream of the initiator ATG of cydA, and that the effect on cydAB may be due to the cis effect of cryptic promoters from within the transposon. However, the new data presented in this paper confirm our previous low resolution map (Kelly et al., 1990) in showing that MKlS, not MK16, is closest to cydA. Furthermore, the PCR mapping shows that the MK8 and MK16 insertions are very close together but have opposite orientations about 0-34 kb from the initiator ATG of cydR. Our data place the MK15 insertion about 0.7 kb upstream of cydA, well outside the transcriptional unit of cydA and, based on the PCR data and the phenotype of strain MKlS, within cydR. The P-galactosidase assays presented earlier (Kelly et al., 1990) and the PCR results shown in this paper both demonstrate that the insertions in strains MK8 and MK16 are in opposite orientations, tending to negate the argument that cryptic promoters in Tn5 might drive expression of cydAB. Furthermore, the mutations in strains MK8, MK15 and MK16 each give similar levels of cytochrome bd (Kelly et al., 1990 ). An understanding of the interplay between CydR and RpoN-dependent genes in up-regulation of cydAB transcription will require further studies.
At present, only expression of cydAB is known to be affected by cydR expression in A. vinelandii. This does not easily explain another phenotype of cydR mutants, namely the inability of mutants MK8, MK1S and MK16 to grow microaerobically, i.e. in an atmosphere of 1.5 % 0, on either BSN (modified Burk's medium with sucrose and ammonium acetate as nitrogen source) or BS (without fixed nitrogen) (Kelly et al., 1990) . It is possible that over-expression of the cytochrome bd-type oxidase might divert the majority of electron flow to oxygen through the non-proton-pumping or ' uncoupled ' branch of the respiratory chain that this oxidase is thought to terminate (Haddock & Jones, 1977; Poole & Hill, 1997) , thereby effectively energy-starving the cells. However, two arguments mitigate a First, mutants defective in the 'cytochrome o', which may be a this proposal.
over-produce cytochrome bd yet can grow under all conditions tested (Leung et al., 1994) . In such mutants, however, we cannot be sure that a third oxidase (Cco; Thony-Meyer et al., 1994) is not functional. Second, under microaerobic conditions, the cytochrome o-type oxidase is presumed to be functionally more important than cytochrome bd, the K , of the latter for oxygen being 4.5 pM, in contrast to the sub-micromolar K , of cytochrome o and/or Cco (D'mello et al., 1994a) . Another more probable explanation for the inability of a cydR mutant to grow microaerobically is that CydR is a global regulator (as is Fnr) and that unidentified genes required for microaerobic growth are positively regulated by CydR.
